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INTRODUCI10N 
The motivation for an early fatigue damage characterization by using NDE is easy 
to understand. Technical components are designed observing in most of the cases 
conservative design rules for a certain lifetime under fatigue loads. However, during 
service a mechanical and/or thermal overloading can occur, unexpected at the design 
phase, and the component locally sometimes is damaged. During further operation the 
component does not follow the predicted fatigue behaviour, lifetime is shortened and 
risk for early failure has to be taken into account. Therefore, as a part of the in service 
inspection, it is relevant to detect locations and regions of early damage and to quantify 
the state of damage is the NDE challenge, i.e. to predict the actual lifetime. Repairing the 
component or by adjustment of the loads the component is made to follow a safe 
behaviour again up to the designed end of life. 
It is obvious - components under fatigue load fail by cracking. Crack initiation is 
followed by crack propagation up to the break. It goes without saying that - depending 
on the material and the load regime - surface breaking or nearsurface subsurface 
microcracks often occur very early, after the second or third load cycle, especially in the 
low cycle fatigue range. Therefore to find an answer to what early detection of fatigue 
is seems to be very easy: Early detection and characterization of fatigue damage will be 
achieved by the detection of microcrack initiation - surface breaking and/or subsurface -
and the characterization of their propagation as a function of the load cycle number or 
usage factor. But the answer is not as easy: Microscopic investigations by using through 
transmission SEM, show eventful changes in the microstructure, in the dislocation 
density and cell structure. The contribution illuminates the background and discusses the 
potential of NDE techniques. Special emphasis is on a new - mesomechanical- approach. 
BASICS 
Fatigue is discussed in two regimes of loading, characterizing two limits of 
material behaviour [1]. In the low cycle fatigue range (LCF) - the experiment is 
strain-controlled - the applied strain is large, i.e. in the plastic range, and the frequency is 
low. The component or specimen under test shows large hysteresis loops in the 
(e-strain, a-Ioad)-diagrams. In the high cycle fatigue range (HCF) we have small loads -
the experiments are load-controlled - the fatigue frequency is high and the component or 
specimen shows elastic behaviour with small hysteresis loops in the (e,a)-strain-stress-di-
agrams. Discussing the accumulated strain e in a logarithmic scale (log e) versus the 
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logarithmus (log Nf) of the cycle number Nf up to failure, straight lines are found 
according to a Basquin-expression ih the HCF- and a Coffin-Manson-expression in the 
LCF-regime. For loads or strains in the intermediate range the 'true' material behaviour 
is described by the sum of both relationships. 
Three stages, characterizing the mechanisms of strain accomodation during 
fatigue, are discussed with increasing cycle number. The first stage is hardening by 
dislocation multiplication and interaction, i.e. with interstitials, followed by a materials 
softening by dislocation rearrangement. The fatigue mechanisms are performed on a 
microscopic scale in the bulk but, at the surface extrusions and intrusions can be 
observed, followed by slip bands and micro cracks coming into being. The second phase 
of fatigue starts with the moment of macro crack initiation. Macro cracks are discussed 
as cracks which can be observed by visual inspection and magnifying glasses, i.e. in the 
length range) 10 f..lm. The third and last stage of fatigue is the phase of crack 
propagation up to the final failure. Here the approach of the continuous mechanics and 
the rules of fracture mechanics are to be taken into account. 
Discussing the question, what early detection of fatigue is, NDE-researchers are in 
between the microstructure approach governing fatigue phase 1 and the macroscopic 
fracture mechanics approach, starting with crack initiation in phase 2, followed by crack 
propagation in phase 3. 
THE MICROSlRUCIURE APPROACH 
The low alloy, fine-grained structural steel 20 MnMoNi 5 5, used in Germany for 
pressure vessels and pipes in the primary circuit of nuclear power plants was recently [2] 
used to demonstrate how substructural changes detected by Through-Transmission-Elec-
tron-Microscopy (TEM) are a function of the number of load cycles undergone. 
Specimen with the dimension dia. 22 mm X 55 mm (test length 55 mm, diameter 22 mm) 
were fatigued in the LCF-range with LlE = 0.86% = costant and a mean strain Em = 0, at 
room temperature, in air and with a cycling frequency of 1 cycle/min. The tests were 
stopped after certain numbers of cycles, i.e. N = 0, N = 3, N = 30, N = 300 and N = Nf 
= 3673 (Nf = cycle number of failure). The load of E = 0.86% can be postulated in a 
component material during start-up and shut down or where thermal stratification 
occurs. 
The above mentioned surface deformation effects (extrusions, intrusions, slip 
bands and micro cracks) occur very early after the first three LCF-cycles and Figure 1 is 
a view into the submicrostructure of the bulk using TEM. The different cycle numbers 
are indicated. Regions with white colour are the precipitation-free ferrite phases in the 
bainitic microstructure. The TEM-analysis shows a quantitative relationship between the 
area (or volume) fraction of ferrite phase with dislocation cell structures and the 
respective number of cycles, whereas the dislocation-free area fractions are decreasing 
with increasing usage factor NINf, resp. the consumed lifetime. The 'calibration curve', 
generated in the tests and validated only for the given loading conditions is documented 
in the lower right part of Figure 1. A quantitative characterization of early fatigue is 
possible up to a consumed lifetime of 50%, where the measured area fraction of 
dislocation-free microstructure is in saturation. 
Microstructure NDE-techniques were applied characterizing the different micro-
structure states [3]. In order to rule out any influences of the surface effects mentioned 
above, small test specimens (dia. 2mm x 4 mm, test length 4 mm and diameter 2mm, 
overall length 27 mm) were machined from the bulk volume of the large specimens and 
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Fig. 1: Changes in substructure as a function of number of load cycles. 
the surface in the region of the test length was ground very carefully avoiding the 
development of machining residual stresses. As a sensitive NDE-technique the measure-
ment of the magnetic Barkhausen noise was performed, which is the pre amplified (40 
-80 dB), band-pass-filtered (1-10 kHz) post-amplified (up to 40 dB) and rectified time 
domain signal M(t) of voltage pulses induced in a receiver air-pick-up coil, caused by 
micro magnetic events in the microstructure. These are jump-like Bloch wall movements 
(translations) and interactions with dislocations, precipitates, phase boundaries and 
stress fields (pinning effects), and rotations of domains at higher magnetic fields. The 
magnetic field H(t) is controlled in dynamic hysteresis reversals following a sinusoidal 
excitation with an impressed current in an excitation coil of a magnetic yoke producing a 
maximum field amplitude of 34 A/cm at a magnetizing frequency of 50 mHz. The 
magnetic field is measured by a Hall-element. Disc\lssing M(t) versus H(t) by eliminating 
the parameter t, so called M(H) Barkhausen profile-curves are obtained, whereas two 
quantities can be derived, a peak maximum (in Volt) and a peak separation (in Ncm). The 
micromagetic measurement technique is described in detail in [4]. Figure 2 documents the 
magnetic results. Two specimens with 300 load cycles were available and for both the 
same peak maximum was measured. The corresponding peak separation values were 
registered as 6.0 and 6.3 Ncm, the difference of 0.3 A/em is regarded of representative 
material-specific scattering. The two test variables shown, exhibit opposite behaviour as 
a function of increasing fatigue. Whereas peak separation increases for nearly 60% of 
the service life, maximum peaklevels begin decreasing at about 46%. Furthermore both 
variables exhibit saturation behaviour. Whereas the dynamic of the peak maximum seems 
to have reached a plateau as early as after 30 load cycles, the peakseparation shows a 
substantial increase of some 30% between load cycle 30 and 300 where saturation is 
reached. The increasingly developed subgrain cell structure in the ferritic phase hardens 
the material magnetically (increasing peak separation), whereas mechanically a material 
softening is observed (see chapter BASICS). 
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Fig. 2: Barkhausen noise, peak separation and peak maximum. 
Following these results the NDE strategy should be to identify and to optimize 
techniques which are sensitive for dislocation multiplication, interaction and rearrange-
ment ending in dislocation cell submicrostructures. But the situation becomes more 
complicated discussing the influence of service temperature. 
Eifler and Macherauch [5] have performed stress- and strain-controlled push-pull tests to 
study fatigue phenomena in plain carbon and low alloyed steels with special consideration 
being given to the microstructural processes. Depending on the loading amplitudes and 
temperatures the cyclic deformation curves reveal characteristics of cyclic softening and 
cyclic hardening. TEM investigations indicate distinct differences in the dislocation 
structures of the materials fatigued under different temperature and loading conditions. 
Figure 3 shows in a two-dimensional diagram the cyclic deformation curves of a 
normalized SAE 1045 in the temperature range 20°C ~ T ~ 600°C fatigued under a 
maximum applied load of 300 MPa and a cycling frequency of 5 Hz. In the lower 
temperature interval, 20°C ~ T ~ 200°C, the incubation periods for the onset of plastic 
deformations decrease continuously. Cyclic softening is followed by cyclic hardening 
which continues up to the macroscopic crack initiation. In the intermediate temperature 
range between 250° ~ T ~ 400°C, plastic strain appears directly with the beginning of 
cyclic loading. However, with an increasing number of cycles the plastic strain amplitudes 
are much reduced by distinct cycling hardening processes. At 300°C and 350°C, values 
of plastic strain are measured after N > 105 which are practically zero. Such tests can be 
stopped after N = 2 x 106 without any fatigue crack appearing. In addition in the higher 
temperature range, 450°C ~ T ~ 600°C, cyclic softening appears during the first loading 
cycle. However, the following cycles induce hardening processes which are markedly less 
pronounced than in the intermediate temperature range. Consequently shorter fatigue 
lives are observed. 
The complex behavior in the cyclic deformation curves as function of the 
service/test temperature is understood by studying the microstructure. TEM investiga-
tions shown in Figure 4 reveal that at all temperatures a pronounced correlation exists 
between the macroscopic deformation behavior and the cyclically induced microstructural 
changes. In the lower temperature range (20°C - 200°C) the microstructure is character-
ized by dislocation walls and cells (Figure 4 upper part). The frequency of the observed 
cells at N = Nf increases with increasing temperatures and receives a relative maximum at 
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200°C. The same is observed parallel in the plastic strain amplitude. In the intermediate 
temperature range (220°C - 400°C) the dislocations form veins and bundle-like 
structures (Figure 4 left side lower part). After fatigue in the higher temperature range 
(400°C - 600°C) large block-like cells are observed (Figure 4 right side lower part). 
Following these results, we can conclude, that early fatigue characterization by 
means of microstructure sensitive ND-inspection techniques and test parameters, i.e. the 
characterization of dislocation multiplication, interaction and cell structure arrangement 
is a complex task. It has to be taken into account that the thermal and mechanical load 
history is to measure in addition, i.e. the documentation of plant records obtained by 
temperature and strain sensors in critical areas of components has to be discussed, in 
order to find an unique calibration to the actual fatigue state respectively the remaining 
life. 
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FRACfURE MECHANICS APPROACH 
For tough materials it is self evident that leak before break occurs, i.e. the 
catastrophic component failure is excluded observing deterministic safety rules during the 
design phase. Damage tolerance concepts accept fatigue behavior and fatigue damage so 
far the detection of relevant cracks and their monitoring during the crack propagation 
phase, at least two times in consecutive in service inspection intervals is assured. 
However, the application of these concepts is under the condition that fatigue behaviour 
is understood in detail - observing all types of realistic loads - and is confirmed and 
validated in large scale 1:1 experiments. This is not given in all details in the nuclear 
industry, especially having in mind the older power plants. Therefore it is interesting to 
learn that fracture mechanics start with activities in the last decade to characterize the 
very early beginning of cracking, i.e. observing microcracking as an indication of 
accumulated fatigue damage. In a paper recently discussed [6] by Iida a microscopic 
observation of the metal surface was performed on smooth and solid cylindric specimens 
machined from four different steels. These steels were one mild steel SM41A with a 
yield of 323 MPa, two high strength steels HT50 and HT80 with yield strength 462 
MPa resp. 774MPa and one austenitic stainless steel SUS304 with a yield of 294 MPa. 
During completely reversed strain cycling, specimen surface was replicated on cellulose 
acetate 0.08 mm thick films which are evaluated under a microscope, connected with a 
TV -camera and a computer-assisted imaging analyzing system. It was revealed that all 
experimental e(N) data fit very well a Manson-Coffin's relationship (see above BASICS). 
In all materials extrusions and intrusions were observed at about 10% of Ne, where Ne 
is the cycle number where by visual inspection through the microscope lense with (400 
x)-magnification a crack was detected. The threshold for a detectable crack was set in the 
analyzing system to a crack length of;;:: 10 /-un. Observing all available experimental data, 
a good correlation between Ne and Nf, the cycle number of failure was found, according 
to: Nf = 2.01 x Ne 0.964. Microcracks initiated after about 10% of Ne made coalescence 
in succession with increase numbers of cycles and after 50% of Ne a high density of 
crack distribution was observed. In general it was revealed that crack density (number of 
cracks in an unit area of 0.1 mm2) increases with the cycling ratio NINe and with the 
applied strain amplitude; the austenitic tough steel has shown the poorest activity for 
microcrack initiation. There exist minimal critical values of the applied strain amplitude e, 
below which observable microcracks do not initiate to a macroscopic crack, depending on 
the material. This was 0.2% for the mild steel, 0.3% for the HT steels and 0.7 for the 
austenitic steel. We can learn from this fact, that the here applied technique for damage 
characterization from the microcrack point of view is not possible to apply if the strain 
amplitude is lower the above mentioned critical values, i.e. it can be applied only in the 
LCF-range. Evaluating the images a damage parameter is defined which is the accumulated 
crack length L: L = ~ (ni x Ii) in rrun/mm2, for all different i, where ni is the number of 
cracks with the length Ii. L = L(N) is measured at any cycle N and a normalized crack 
damage parameter is defined as Lnor = L(N)JL(NJ. It was found that all experimental data 
can be fitted into a relationship: Lnor = (NINe) P, where p is a material dependent 
parameter. 
MESO~CALAPPROACH 
One decade ago, in 1982, in the physics of plasticity and strength a new paradigm 
was formulated - the theory to decribe the deformation of solids on the basis of the 
microstructure level [7]. The methodology has received a convincing experimental and 
theoretical foundation resulting in a new mechanics - the mesomechanics or the physical 
mechanics of a medium with (real) structure. Its value, first of all, is that it allows one 
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to unit continuous mechanics with the physics of plasticity and strength of solids, based 
on the theory of dislocations. The theory cannot be described here in detail [8], only 
few remarks should be allowed. Discussing a real structure, i.e. a microscopic inhomoge-
neous structure, it becomes obvious that plastic deformation as a loss of shear strength 
of a crystal lattice cannot proceed simultaneously at all points of a deformable solid at 
the same time - it is developed locally in separate zones, characterized by a mechanical 
weak behaviour, i.e. the ferrite phases in the above mentioned steels. The plastic flow can 
be described as a relaxation process propagating wave-like in space and time, where local 
regions of plastic deformation are self-organized by shear and rotation movements of 
substructural regions. Single glide in separate grains is self consistent with rotations in 
neighboured grains. In the case of cyclic fatigue slip systems are adjusted in composed 
area (volume) fractions with a dimension in between the average grain size and the 
transversal size of the specimen under load. The composed, self-organized volume has the 
characteristics of a fractal. The physical meaning of the fractal dimension 1 is, that 13 is 
the volume where the total vortex of the materials deformation flow by slip is zero. 
There is a continuous increase of the fractal dimension with increasing cycling number up 
to the scale of the component diameter - then a macroscopic crack is initiated which 
propagates in length and depth up to the component failure. Figure 5 documents such a 
fractal structure on the surface of a lead specimen after cyclic loading with N = 105, the 
magnification is x 50. 
NDT POTENTIALS AND CONCLUSIONS 
Some of the techniques which have potential to characterize the early fatigue 
damage have been discussed in previous chapters, i.e. the micromagnetic technique to 
detect microstructural effects and the surface replication technique with image analysis 
to evaluate an accumulated crack length as a damage parameter. Beside the micro magnet-
ics, where different appoaches are under investigation [9, 10, 11], we can identify a 
portable positron annihilation Doppler-shift technique [12] and x-ray diffraction using 
portable goniometers with line shape analysis, i.e. line broadening measurements [13] to 
be sensitive for dislocation multiplication and dislocation interaction. However, all these 
methods are insensitive for the characterization of the rearrangement of dislocations and 
therefore the measuring parameters are in saturation after 50% of consumed lifetime. 
Beside the surface replication for microcrack detection and evaluation a sensitivity-en-
hanced classical NDT can be applied, i.e. Rayleigh-surface waves with frequencies::;; 5 MHz 
and eddy current inspection in a multifrequency approach, in order to suppress disturbing 
effects like lift-off and local permeabilty and conductivity changes. A thermal wave 
analysis for in-plant applications commercially is also available [14]. The most promising 
approach comes from the mesomechanics. By using a TV-camera with a magnifying optic, 
larger surface areas can be scanned and the surface topography is analyzed by using image 
analysis techniques based on fractal theory [15]. The fractal dimension is a convex 
function with the cycling number - up to the macroscopic crack initiation. All techniques, 
sensing surface effects, reliably can be applied, if and only if the surface is not affected 
Fig. 5: Fractal structure on 
the surface of a lead 
specimen after N = 105 
cycles (x50). 
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by scale (oxide) or corosion. An intelligent and reliable NDT approach will be in the 
qualified combination of surface and bulk sensitive techniques. 
ACKNOWlEDGEMENTS 
The author thanks Dr. A. Seibold and Siemens-KWU, Erlangen, for the research 
cooperation. Many thanks also to Prof. K. lida, Tokyo, Prof. D. Eifler, Essen and Prof. 
V.E. Panin, Tomsk, for fruitful discussions and support. 
REFERENCES 
1. R.W. Hertzberg, Deformation and Fracture Mechanics of Engineering 
Materials, 3rd ed., New York: John Wiley & Sons, 1989 
2. A. Seibold, A. Scheibe, H.-D. ABmann, Nuclear Engineering and Design 130 
(1991) 347-358, North-Holland 
3. G. Dobmann and A. Seibold, Nuclear Engineering and Design 137 (1992) 
363-369, North-Holland 
4. G. Dobmann, W.-A. Theiner and R. Becker, in Nondestructive Characteriza-
tion of Materials, eds. P. Holler, V. Hauk, G. Dobmann, C. Ruud and R. 
Green, Proceedings of the 3rd International Symposium, Saarbriicken, FRG, 
October 3-6,1988, Springer Verlag, Berlin (1989), 516 -523 
5. D. Eifler and E. Macherauch, Int J Fatigue 12 No 3 (1990) 165 - 174 
6. K. lida, Document V -1012-93, presented at the Annual Assembly of the 
International Institute of Welding in a lJ.-Seminar of Subcommission VE, 
Glasgow, 1993; accepted to be published as class-A-paper in Welding of the 
World 
7. V. E. Panin, Yu. V. Grinyaev, T.F. Elsukova and A.G. Ivanchin, Izv. Vyssh. 
Uchebn. Zaved., Fiz., No 6 (1982) 5-27 
8. V.E. Panin, Russian Physics Journal, Vol 35 No 4, April 1992 
9. J. Lamontanara, J. Chicois, P. Fleischmann and R. Fougeres, in Nondestruc-
tive Characterization of Materials V, eds. T. Kishi, T. Saito, C. Ruud and R. 
Green, Procceedings of the 5th International Symposium on Nondestructive 
Characterization of Materials, May 27-30, Karuizawa, Japan, Gordon and 
Breach, New York (1992) 603-614 
10. M. Otaka, K. Enomoto, M. Hayshi, S. Sakata and S. Shimizu, Procedings of 
the 6th German-Japanese Seminar on Structural Strength and NDE Prob-
lems in Nuclear Engineering, August 11-12, 1993, Stuttgart, FRG, 
University Stuttgart, MPA-Press, 4.3 
11. A. Le Brun, F. Billy, Review of Progress in QNDE, Vol 13, Plenum Press, 
New York, 1994, 1833-1840 
12. M. Uchida, K. Yoshida, Y.G. Nakagawa, A.I. Allen and A.D. Wapham, see [9] 
83-91 
13. R.N. Pangborn and S.Y. Zamrick, in Nondestructive Characterization of 
Materials IV, eds. C. Ruud, J.F. Bussiere and R. Green, Proceedings of the 
International Symposium, Annapolis, USA, June 11-14, 1990, Plenum 
Press, New York, 259-268 
14. E. Winschuh, Qualitat und Zuverlassigkeit (1990) 44, 407-411 
15. A. P. Witkin, Scale Space Filtering, Proceedings of the International Joint 
Conference on Artificial Intelligence, Karlsruhe, 1983 
2010 
